Introduction:
The unparalleled growth of the Internet, combined with significant technological advancements of VLSI and digital signal processing, and with the telecommunications market deregulation around the world, have made powerline communications (PLC) a viable technology for next generation telecommunications. With multiple outlets in almost every room, everywhere, power lines are already the most pervasive network in the home or small office; therefore, they would be the preferred medium for providing broadband connection to rural or remote areas where telephone and cable connections may not exist. The market for PLC is twofold: to the home, or 'last mile' access, and in the home, or 'last inch' access [1] . Relevant research on the MAC layer for PLC has focused more on in-home networking [2, 3] . The work presented in this Letter focuses on the 'last mile' problem, and introduces scheduling ideas which lead to significant improvements in network performance and user Quality of Service (QoS) compared to the Extended ALOHA [4, 5] protocol, for powerline communication networks.
Proposed scheduling scheme: Orthogonal frequency division modulation (OFDM) has been outlined as one of the best candidates for application in PLC systems with higher data rates, because of its excellent bandwidth efficiency [4] [5] [6] . We consider an OFDM transmission system which uses a number of subcarriers distributed in a frequency spectrum. The work presented in [4, 5] proposed three extensions of the basic ALOHA protocol in order to improve its performance on the PLC network: (a) piggybacking, which leads to a decrease in the signalling delay; this is defined as the time needed for the realisation of the requesting procedure for the transmission of a packet and includes the transmission of a request message to the base station and the reception of its response regarding the access rights; (b) use of data channels for signalling (from [7] ); (c) application of an adaptive backoff mechanism for user access to the signalling channel, as well as for user access to the data channels for signalling purposes.
In our work, we also adopt the ideas of piggybacking and using data channels for signalling. However, we do not use the adaptive backoff mechanism proposed in [4, 5] for users to select the slot in which they will transmit=retransmit their requests; instead, we propose three new ideas, two regarding the slot selection mechanism and one regarding the channel selection mechanism for a PLC access network.
A. Channel selection: We use and compare two mechanisms for channel selection in our study. The first mechanism is similar to that used in [4, 5] and is named uniform channel selection in this Letter. With the use of this mechanism, each terminal which needs to access the medium selects uniformly one of the 15 channels (one for signalling and 14 for data transmissions); the only constraint is that selection is made among channels which have at least one idle slot in the current channel frame (no transmission is scheduled in that slot from previous channel frames). If the channel is congested, it is not taken under consideration in the channel selection process for the current frame.
Our proposal for a second channel selection mechanism is named weighted channel selection. At the beginning of each channel frame the base station has full knowledge of the total number of idle slots in all the data channels and the signalling channel. Let this total number of idle slots be S. The probability for a terminal to choose channel Y, which has three idle slots in the current channel frame, in order to send its request is 3=S. The respective probability for the signalling channel is equal to the total number of slots of the signalling channel (the slots of the signalling channel are by nature always idle at the beginning of a channel frame, as no information transmission takes place in them) divided by S. The weighted channel selection mechanism is designed in a way as to 'push' requesting users to choose, in every channel frame, with greater probability the channels with the larger number of idle slots, in order to decrease the probability of collisions in the system.
B. Slot selection:
After selecting a channel, a terminal needs to choose the slot in which it will transmit its request. We propose two different mechanisms for slot selection in our study. The first mechanism is named uniform slot selection: after selecting a channel with M idle slots (this information is given to the terminals by the base station after the channel is selected), the terminal attempts to transmit in the first of these slots with a probability P ¼ 1=M (for M ¼ 1, P is by default 0.5, otherwise a collision would be unavoidable). In the case of a successful transmission, a terminal acquires the specific slot for transmission in subsequent channel frames, while in the case of a collision the terminal continues to transmit in idle slots with the above-defined probability. If the channel frame ends without the terminal having succeeded in its request transmission, the terminal repeats the processes of channel and slot selection for every new channel frame, for as long as it needs to gain access to medium. The second proposed mechanism for slot selection is named weighted slot selection and works as follows. After selecting a channel with M idle slots, the terminal creates the following group of M probabilities: {1=M, 1=M, 2=M, 3=M, . . . , (M À 1)=M}, and randomly associates each one of the idle channel slots with one of the probabilities in the group. If M ¼ 1, the probability is again chosen by default to be equal to 50%. The weighted slot selection mechanism aims at offering the chance to requesting terminals to transmit their requests sooner, by using much higher transmission probabilities than the uniform slot selection mechanism (at the cost of a possibly larger number of collisions).
With the use of the above ideas, four versions of our MAC protocol were examined: the uniform-weighted selection (U-W), referring to a uniform channel and weighted slot selection, the uniform-uniform selection (U-U), the weighted-uniform selection (W-U) and the weighted-weighted (W-W).
Results and discussion: The system parameters used in our work are taken from [4, 5] , in order to make a direct comparison with that work, which focused on data (Internet) traffic. Since packet transmission in PLC should be made in very short frames so that the receiver can adapt to the rapid ( < 1 ms) changes in the PLC channel conditions, we chose to consider only packets with average size equal to 300 bytes and with mean interarrival time 0.96 s; this is the case defined in [4, 5] as the 'frequent request case', and enables us to test our scheme under heavy traffic conditions. The offered traffic load per network station is 2.5 kbit=s. The packet sizes and interarrival times are geometrically distributed random variables. The frame duration is 47 ms, the slot duration is equal to 4 ms, the slot capacity is 32 bytes and the payload in each slot is 28 bytes. In our simulations we assume that a transmission channel offers a fixed data rate of 64 kbit=s, and that the network consists of 15 bidirectional transmission channels, one of which is reserved for signalling. We simulated one hour of network performance. Each simulation point is the result of an average of 10 independent runs (Monte-Carlo method). Fig. 1 Comparison of five schemes in terms of signalling delay Fig. 1 shows comparison of our results with the Extended ALOHA protocol of [4, 5] . It is clear from the Figure that at low traffic loads the signalling delay achieved by all versions of our protocol is remarkably smaller than that achieved by the Extended ALOHA protocol. As the traffic load increases, signalling delay naturally increases also, due to the increase in the number of collisions in the network. Still, as shown in Fig. 1, signalling delay achieved by all versions of our protocol remains much smaller than that of the Extended ALOHA protocol, by several hundreds of ms. When comparing the results of the four versions of our protocols, W-U selection achieves the lowest signalling delay for low-to-medium traffic loads and U-W selection achieves the lowest signalling delay for medium-to-high traffic loads.
As shown in Fig. 2 , for up to 150 users the use of the Extended ALOHA protocol provides almost identical performance in network utilisation with the four versions of our protocol. However, as traffic load increases, the network utilisation achieved by the Extended ALOHA protocol is significantly smaller than those achieved by the four versions of our protocol, the difference between them exceeding 20% when the number of users ranges between 300 and 400 and remaining large even for higher traffic loads. 
Fig. 2 Comparison of five schemes in terms of network utilisation
Since the difference between the Extended ALOHA protocol and our protocol exists in the transmission=retransmission algorithms used, it is clear that our proposed algorithms are the reason for which our schemes excel. More specifically, the adaptive backoff mechanism used in [4, 5] has the inherent disadvantages that: (a) after the calculation of the retransmission interval, the terminal will attempt to retransmit in the newly calculated slot, disregarding any idle slots which may exist before the calculated one; on the contrary, in all versions of our scheme, a terminal which fails to transmit its request attempts to retransmit (with various probabilities) in each of the immediately following idle slots, therefore our scheme achieves much better utilisation of the available bandwidth; (b) in [4, 5] , after the end of a request procedure, a value of the collision counter (CC) used in the backoff algorithm is kept as a start value of CC for the next request procedure. Therefore, once again, valuable slots are lost, as the terminal does not even attempt to exploit them. Our more 'aggressive' policy is the reason for the decrease in network utilisation for high traffic loads, which however does not affect our scheme's superiority, as shown in Figs 1 and 2. Careful observation of the results presented in the Figures reveals that in all cases the W-U selection achieves the best results for low-tomedium traffic loads (number of users less than or equal to 250) and that the U-W selection achieves the best results for medium-to-high traffic loads (number of users larger than 250). The reasons for this can be found in the inherent logic of each version of our protocol: (a) in the case of a high traffic load, idle slots are few; therefore, the probability with which the channel with the largest number of idle slots is chosen by requesting users is often quite high with use of the weighted channel selection, leading to an immediate increase of the collision probability in that channel. (b) the weighted slot selection offers to requesting terminals the chance to transmit their requests sooner, by using higher transmission probabilities; however, this choice leads to a higher collision probability. Hence, in the case of low-to-medium traffic loads, where weighted channel selection is more effective as explained above, the weighted slot selection performs worse than the uniform slot selection, as the combination of the weighted mechanisms for both the channel and slot selection is shown by our results to be a 'too aggressive' policy and to lead to inferior performance metric results.
Based on the above, we conclude that the most efficient use of our protocol is a 'two-mode' one, in which W-U selection is activated for low traffic loads and U-W selection is activated for high traffic loads. The implementation of this 'two-mode' protocol is very feasible, since the base station can easily make a rough estimation of the number of users in the system by multiplying the number of users currently transmitting in a frame with (1=activity factor); the activity factor is 0.525 of the time, for each terminal. Even if the above estimation is not perfectly accurate (the utilisation of the signalling channel in the current frame should be taken into consideration for a more accurate estimation), it is still adequate as all versions of our protocol have been shown from our results to be comparable in their efficiency, therefore even if the better of the two modes is activated with delay, this will have very small impact on the user QoS metrics. 
